We consider extensions of the Standard Model with an extra U (1) gauge boson which couples to B − (αL e + βL µ + γL τ ) with α + β + γ = 3. We show that the extra gauge boson necessarily mixes with the Z, leading to potentially significant corrections to the Zff vertex. The constraints on the size of this correction imposed by the Z-pole data from LEP and SLD are derived.
I. INTRODUCTION
A persistent mystery in particle physics today is how nature distinguishes among the three generations of quarks and leptons and provides them with the observed mass hierarchy and mixings. A popular approach in constructing a model which can potentially explain this flavor problem is to extend the gauge symmetry of the Standard Model (SM) and permit the three generations to transform differently under the new symmetry. This idea is implemented, for instance, in topcolor [1] and topcolor assisted technicolor [2] models in which the third generation transforms differently from the first two.
In extending the SM gauge group and assigning charges to the matter fields, care is needed to ensure anomaly cancellation. However, extra care is necessary to further ensure charge orthogonality when the extended gauge group contains multiple abelian factor groups [3] . Without charge orthogonality the abelian charges will mix kinetically [4] under renormalization group running and the charge assignments lose scale-invariant meaning, rendering the model ill-defined.
In this paper, we examine these issues in the context of a series of models introduced in Ref. [5] . In these models, the SM gauge group is extended by an abelian factor to SU(3) C × SU(2) L × U(1) Y × U(1) X , where the extra U(1) X gauge boson is coupled to some linear combination of baryon and lepton flavor numbers 1 which is anomaly free, e.g.
These models were motivated by the desire to explain the masses and mixing in the neutrino sector. Unfortunately, the particle content of these models does not satisfy the charge orthogonality condition (COC). Consequently, the X and Y charges mix under renormalization group running and the model remains incomplete in the absence of a scale at which the charges are defined. While one can always assume that the charges are those at the scale at which the U(1) X symmetry breaks, thereby locking in the charges, at higher energy scales the two U(1) gauge bosons will couple to some scale-dependent linear combination of X and Y charges. To avoid this one must go to the physical basis, as discussed in Ref. [3] , in which the charges are orthogonal and scale invariant. However, the new scale invariant charges can no longer be associated with the SM weak hypercharge or any particular lepton flavor, and in general they will not even be rational. It is therefore necessary that the COC be imposed as an additional constraint if the initial charge assignment is to make any sense.
In the following, we show below that the COC cannot be satisfied in this class of models for any linear combination of B and L e,µ,τ which is anomaly-free without the addition of extra matter fields. Even when the COC is satisfied there can still be significant mixing between the Z and the X, and this can show up in Z-pole observables by breaking lepton universality. We use the LEP and SLD Z-pole data to place significant constraints on the size of this mixing. We find that, in the absence of additional sources of mixing, the mass of the X gauge boson is generically required to be at least a few hundred GeV.
II. ANOMALY CANCELLATION AND CHARGE ORTHOGONALITY
Consider a model with the gauge group SU(3)
is the putative weak hypercharge and U(1) X is an additional abelian factor group. We choose the charge assignments of the quarks and leptons to be
where i = 1, 2, 3 is the generation index, and α, β, γ are left arbitrary for the moment. In effect, the U(1) X gauge boson is chosen to couple to
The addition of the right-handed neutrinos is necessary to make U(1) X a vectorial symmetry. Note that even though we list three right-handed neutrinos, any one whose U(1) X charge is chosen to be zero will effectively decouple completely from the theory. The minimal scalar sector necessary to break the gauge symmetry into the usual SU(3) C × U(1) em consists of the regular Higgs doublet
and a neutral singlet
It is easy to show that anomaly cancellation leads to the condition
In non-GUT models with multiple gauged U(1)'s an additional constraint is necessary to ensure that these groups do not mix through radiative corrections. As has been discussed in Ref. [3] , this requirement (at one loop) amounts to
the charge orthogonality condition. In the model under consideration, the COC leads to the condition
Obviously, this and the anomaly cancellation condition Eq. (1) cannot be satisfied simultaneously. Therefore, the COC cannot be imposed regardless of the choice of α, β, and γ, and the model in its present form is ill-defined.
One way to rectify this problem is to change the charge assignments in the minimal scalar sector so that the kinetic mixing due to the scalars cancels that due to the fermions. However, this cannot be done so easily since the scalar charges are fixed by the requirement that they lead to the correct pattern of symmetry breaking, and also allow for the necessary Yukawa couplings to give masses to the fermions. Instead one may introduce new matter fields. The set of new matter fields that are necessary to impose the COC is not unique. For instance, the COC can be imposed upon the fermion sector by an introduction of a pair of fermions with charge assignments given by
with ab = −4. If the scalar sector is extended so that neutrino mixing can be generated, the COC must be satisfied there also. Therefore, the complete phenomenology of the model cannot be worked out until all the extra fields have been specified. One can nevertheless place a constraint on these models, under a minimal set of assumptions, as we will discuss next.
III. VERTEX CORRECTIONS
Even with the COC initially imposed at high energies, the X and Y charges will mix once some of the particles decouple from renormalization group running. This mixing can be fairly large at the Z mass scale since it will be proportional to ln(Λ/m Z ), where Λ is the scale at which decoupling occurs. However, X-Y mixing will lead to the violation of lepton universality on the Z-pole which is well constrained by LEP and SLD data. In the following, we make the simplifying assumption that all the non-SM particles decouple at M X ≫ m Z , the scale at which U(1) X breaks. Below M X , only the SM particles survive decoupling and contribute to Z-X mixing. Comparison of the size of this mixing with the data will enable us to constrain M X .
Consider possible corrections to the Zff vertex at the Z-pole. There are two ways in which the X boson can correct the vertex. The first is by dressing the vertex as shown in Fig. 1(a) . This correction leads to a shift in the Zff couplings given by:
where X f is the X-charge of fermion f , and α X = g 2 X /4π. The second is through Z-X mixing as shown in Fig. 1b . Since charge orthogonality is broken below M X this correction does not vanish and is given by
To place a constraint on the size of ξ using the data from precision electroweak measurements, we follow the general procedure of Ref. [7] . We assume that the only significant non-SM vertex correction comes from ξ. Since we will only use LEP and SLD observables which are ratios of coupling constants in our analysis, oblique corrections will only manifest themselves through a shift in the the effective value of sin 2 θ W [8] . We introduce the parameter δs 2 to account for this deviation:
We use δs 2 only as a fit parameter and extract no information from it so that our results are independent of the Higgs mass. The shifts in the left and right handed couplings are then
IV. CONSTRAINTS FROM PRECISION ELECTROWEAK MEASUREMENTS
The shifts in the LEP/SLD observables due to the shifts in the coupling constants are easily calculable. For instance, the shift in the partial decay width Z → ff is given by
Similary, the shift in the parity violating asymmetry
) is given by
Note that the X boson dressing correction which is proportional to X 2 f vanishes in δA f /A f . The δs 2 and ξ dependence of the observables we use in our fit are as follows: 
We have assumed that the right-handed neutrinos are heavy and only the left-handed ones contribute to the invisible width of the Z. The parameter δα s gives the shift of the QCD coupling constant α s (m Z ) from its nominal value of 0.120:
Note that the correction from Z-X mixing to the leptonic asymmetry parameters A ℓ (ℓ = e, µ, τ ) appears with a large coefficient in Eq. (3). This means that lepton universality imposes a strong constraint on ξ.
Here, we list the results of fitting the expressions in Eq. (3) to the data listed in Table I  [ 9] for two choices of α, β, and γ which were considered in Ref. [5] . In both cases α = 0, so we do not need to consider interference between direct Z and X exchange. The correlations among the data used are shown in Tables II and III. (i) α = β = 0, γ = 3 case:
The correlation among the fit variables are shown in Table IV while the constraints from various observables in the δs 2 -ξ plane are shown in Fig. 2 . The quality of the fit was χ 2 = 25.6/(19 − 3) with the largest contributions coming from A FB (b) (5.3) and σ 0 had (3.6). With such a large χ 2 , it is evident that including the X-corrections do not improve the agreement between theory and experiment.
To convert the limit on ξ into a limit on M X , we must assume a value for g X . For g X = g ≈ 0.65, the 1σ (2σ) upper bound on ξ translates into:
Interestingly enough, these bounds agree with that derived in Ref. [5] which neglected both Z-X mixing and oblique corrections.
(ii) α = 0, β = γ = 1.5 case:
The correlation among the fit variables are shown in Table V while the constraints from various observables in the δs 2 -ξ plane are shown in Fig. 3 . The quality of the fit was χ 2 = 25.3/(19 − 3) with the largest contributions coming from A FB (b) (4.7) and A LR (3.3). For g X = g ≈ 0.65, the 1σ (2σ) upper bound on ξ translates into:
M X ≥ 1100 (500) GeV.
For g X = g ′ ≈ 0.35, the 1σ bound is M X ≥ 490 GeV.
The 2σ limit on ξ does not lead to a constraint on M X in this case since
with the maximum at m
Since our analysis assumes m
X , the approximation breaks down in the environs of this scale anyway, invalidating any limits we may obtain.
The limits for other choices of α, β, and γ are similar. In Figs. 4 and 5 , we plot the bounds on ξ and M X for the α = 0 models as functions of β = 3 − γ. As we can see, M X is generally required to be of the order of a few hundred GeV.
V. DISCUSSION AND CONCLUSIONS
In this paper we have considered a class of models with an abelian factor group of type B − (αL e + βL µ + γL τ ) and have explored some of their phenomenological consequences. In all cases considered, the quality of the fit to Z-pole electroweak observables is not improved over that of the Standard Model. The new physics parameter ξ violates lepton universality and is strongly constrained by the leptonic observables. The introduction of this parameter into the fit does not reconcile the experimental values of A LR and A FB (b). Thus the model does not provide a solution to the A b anomaly. We find that, under the assumption that the X boson is heavier than the Z, the Z-pole observables require that the mass of the extra gauge boson be of order a few hundred GeV.
In this analysis we have considered only kinetic mixing of the X and Z bosons due to SM particles between the scales M X and m Z , but more complicated versions of this model are possible. For variants in which non-SM particles charged under the U(1)'s decouple above M X and cause the COC to be violated, the mixing will occur over a larger momentum range. If the scalar sector of the model includes fields which transform non-trivially under both U(1)'s, then their acquiring VEV's can lead to mass mixing between the X and the Z [5] . These additional sources of mixing may either dilute or sharpen the constraints obtained here, but must be considered on a model by model basis since they depend critically on the specifics of each model. [9] . The Standard Model predictions were calculated using ZFITTER v.6.21 [10] with default flag settings and m t = 174.3 GeV [11] , m H = 300 GeV, and α s (m Z ) = 0.120 as input. 
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